Background: Nonhuman primates, particularly rhesus macaques, are ideal preclinical large animal models to investigate organ tolerance induction protocols using donor hematopoietic stem cells (HSCs) to induce chimerism. Their relatively small size poses some challenges for the safe and effective collection of peripheral blood HSCs through apheresis procedures. We describe our experiences using the Spectra Optia apheresis unit to successfully obtain HSCs from mobilized peripheral blood of rhesus macaques.
| I N T R O D U C T I O N
Nonhuman primates, and specifically old world rhesus macaques, have proven to be a highly relevant preclinical large animal model for hematopoietic stem cell (HSC) transplantation. [1] [2] [3] In clinical practice apheresis has surpassed bone marrow harvest as the procedure of choice for collection of HSCs. 4, 5 These large animals are particularly relevant translational models because their hematopoietic cells have a high degree of cross reactivity with human reagents and responsiveness to human cytokines. 6, 7 The use of rhesus macaques in HSC transplant models, however, is challenging due to their relative small size (typically 4-10 kg), which makes apheresis a demanding procedure with safety implications. Similar to use of apheresis in small pediatric patients the large extracorporeal blood volume mandates the priming of the apheresis machine with allogeneic blood. 8 The Spectra
Optia Apheresis System, a newer generation of the COBE Spectra system, requires a lower extracorporeal volume compared to previous models, and was of interest to test for use in the small rhesus macaques. We have established a nonhuman primate HSC transplantation model for investigation of HSC-induced kidney transplant tolerance. We describe our experience with apheresis and its optimization for collection of G-CSF mobilized peripheral blood HSC in small sized rhesus macaques using the Spectra Optia Apheresis System.
| M AT E RIA L S AN D M E T H ODS

| Animals
Thirteen rhesus macaques (Macaca mulatta) were used for 18 apheresis procedures. Animals were 4.9-10 kg and 3.3-12.1 years old at the time of the procedure. All animals were negative for Mycobacterium tuberculosis, Macacine herpesvirus 1 (herpes B virus), simian T-lymphotropic virus, simian retrovirus type D, and simian immunodeficiency virus. All animals were treated in accordance with the 8th edition of the Guide for the Care and Use of Laboratory Animals published by National Research Council and the procedures and protocol were approved by the University of WisconsinMadison institutional animal care and use committee (IACUC).
| Peripheral HSC mobilization
Animals were treated for 5 days with granulocyte-colony stimulating factor (G-CSF) given subcutaneously (SQ); 50 lg/kg/day was administered prior to 12 procedures, 10 lg/ kg/day for two procedures, and 100 lg/kg/day for a single procedure. In 16 procedures the animals were given 1 mg/kg Mozobil SQ (Plerixafor®), and in 2 procedures the animals were given MD3100 [Sigma Chemical Co, St. Louis, MO], all 3-6 h prior to the apheresis procedure on the 5th day. 9 Two animals were treated with 50 lg/kg/day G-CSF for 6 days and received 1 mg/kg Mozobil on both days 5 and 6.
| Apheresis procedure
For the apheresis procedure the animals were sedated with ketamine (15 mg/kg) and atropine (0.04 mg/kg) administered intramuscularly (IM), then intubated and maintained on isoflurane (1.5%, range of 1-2%). Thermal support was provided using a heated table and forced warm air blanket (3M, Bair Hugger). The skin overlying the femoral triangle was aseptically prepared and local analgesic was administered (Lidocaine 2%, 2-4 mg SQ). Based on pilot procedures, the catheter placement was modified from using a 9 French dual lumen catheter to a 5 French central venous catheter (Jorgenson Laboratories, Loveland, CO) inserted into the femoral vein for blood outflow. For the majority of procedures, the catheter was placed percutaneously, but occasionally a cut down procedure was needed to directly visualize the femoral vein. A second intravenous catheter (20-22-gauge) was placed into the saphenous vein, in the opposite leg when possible, for return flow. For each procedure, 150 ml of whole blood was collected from a single 3rd party (unrelated) donor rhesus macaque negative for pathogens as described above, mixed in a 14:1 ratio of ACD-A, leukofiltered (Haemonetics, Braintree, MA) and stored for 1-3 days at 48C. The morning of the procedure, the blood was irradiated (Gammacell 1000 Elite, Ottawa, Ontario) prior to being used for priming the apheresis machine (Spectra Optia, Terumo BCT, Lakewood, CO). The apheresis machine was prepared using a Spectra Optia Collection Set (Terumo BCT), the tubing first primed with saline, then primed with the allogeneic blood until blood appeared in the waste bag or the prime was manually ended. ACD-A was used at a rate of 2-2.5 ml/minute/L of total blood volume (TBV) with a minimum inlet:AC ratio of 12:1 for most cases. To prevent citrate toxicity, calcium gluconate (230 mg/mL) diluted in crystalloid fluids (0.9% saline used for pilot studies, switched to plasmalyte due to concerns for hypokalemia) resulting in 4 mg/ml Ca11, was administered IV beginning typically at 35 ml/hr and adjusted as needed based on ionized calcium values obtained during procedure.
Adjustments were made in collection settings as needed. After the final chamber collection, the rinse back of the blood and fluid contained in the channel of the tubing set was performed. Following the procedure, the femoral catheter was removed and pressure applied for 20-40 minutes. If a cut down procedure was used, the vein was ligated and the skin was closed in 2 layers using absorbable suture. In cases where the full volume of allogeneic blood was not used to prime the instrument, the residual 40-60 ml was given IV over 10 min at the end of the procedure. Remaining catheters were removed and pressure applied for 5-10 min.
| Clinical monitoring
During the procedure heart rate, respiratory rate, end tidal CO2, oxygen saturation, and blood pressure (HDO Vet, DVM Solutions, San Antonio, TX) were continuously monitored and recorded every 15 minutes. In addition to monitoring ionized calcium, animals were monitored for clinical signs of citrate toxicity (e.g., seizures, arrhythmias, or vomiting). Animals were given an analgesic (buprenorphine, 0.01 mg/kg IM) if catheter placement was difficult or if a femoral cut down procedure was used. If an animal showed signs of pain (such as favoring leg, change in posture or locomotion) after the procedure, buprenorphine (0.01 mg/kg IM) or meloxicam (0.2 mg/kg SQ) were given as needed. Animals were monitored closely for evidence of hemorrhage, especially from the femoral catheter site.
| Laboratory evaluation
Complete blood counts (CBCs) were performed before administration of Mozobil and immediately prior to start of apheresis (3-6 h after Mozobil administration). Baseline white blood cell count, platelet, and hematocrit data entered into the Optia software were updated when results became available (typically 30-45 min after initiation of procedures). During the procedure, laboratory parameters were monitored using a portable point of care unit (i-STAT, Chem81 cartridge, Abbott, Abbott Park, IL) to monitor changes in electrolytes, hematocrit, and ionized calcium. i-STATs were performed every 15-45 min during the procedure, with more frequent checks at the beginning. A complete chemistry panel was performed at the end of the procedure. Frequency of CD34 and CD3 was determined by flow cytometry captured using a Becton Dickinson LSRII flow cytometer (BD Biosciences, San Jose, CA) with CD34 (clone 563), CD45 (clone D058-1283) and CD3 (clone SP34-2, all from BD Biosciences). In some animals, a CBC and chemistry panel were also performed 1 and 3 days later for further monitoring.
| R E S U L T S 3.1 | Collection parameters
The mean (6 S.D.) time for apheresis was 229 (669) min, with a mean (6 S.D.) of 5.1 (6 1.2) total blood volumes collected. The run speed was 10-10.5 ml/min. Because of the very high platelet count in some animals at the time of collection, the ideal collection preference [CP, 560-(0.2*white blood cell count)1(0.8* platelet count)] was occasionally <20 (the lowest setting possible for the Optia). In those cases, the collection preference was set for 20. In most other cases, the preference was set slightly higher than the ideal collection preference automatically calculated by the instrument. There was no correlation between collection preference settings and total CD34 collected, or efficiency of collection.
Unlike the Cobe Spectra system, which continuously collects the buffy coat into the collection bag, the Spectra Optia collects product into a 20 ml chamber and then releases the contents into the collection bag. For maximum efficiency of collection, the system is designed to trigger a collection based on a calculation of the amount of blood that would have to be processed to fill the chamber with white blood cells, including the CD34 cells of interest. Because of the small total blood volume in the rhesus macaque, it was not clear if the automatic processes would work appropriately. We therefore modified the collection parameters to trigger a collection when a set volume of blood had been processed; however, we found that this did not yield as high a quality product (frequency of CD34) as when the automatic triggering mechanism was utilized. Therefore, the majority of procedures were performed using the automatic collection parameters.
| Clinical Monitoring
Animals occasionally showed mild facial muscle fasciculation or became less deep under anesthesia when ionized calcium dropped below 1.0 mmol/L; therefore, the goal was to maintain ionized calcium above 1.0 mmol/L by adjusting the calcium infusion. We found a concentration of calcium gluconate for infusion of 4 mg/ml Ca11 allowed adequate ionized calcium and electrolytes to be maintained in a safe range without fluid overload. The total fluids received (plasmalyte, ACD-A, and whole blood) ranged from 55 to 95 ml/ kg for each procedure.
Following apheresis, appetite for chow was mild to moderately reduced and gradually improved over 2 weeks. Weight loss variably occurred following the procedure (7 animals had 6-8% weight loss and 2 animals had 13-20% weight loss).
All animals tolerated the procedure well. One animal had mild azotemia (BUN 61 mg/dl, creatinine 2.35 mg/dl) and a marked elevation in CPK (111,260 U/L), LDH (10,760 IU/ L), and AST (1,115 IU/L) the day following apheresis. Review of the anesthesia record indicated no evidence of low blood pressure or seizure activity and the ionized calcium was appropriately maintained. There were no mortalities.
| Laboratory parameters
The mean serum ionized calcium concentration was 1.17 mmol/l (normal range 1.01-1.15 mmol/L) at the beginning of the procedure, 1.12 mmol/L at the end of the procedure, and with a range of 0.87-1.52 mmol/L during the procedure. With calcium supplementation required to maintain ionized calcium during the procedure the mean serum calcium at the end of the procedure was 23.5 mg/dl for 17 procedures (range of 18.7-33.7 mg/dl). Serum calcium values returned to normal limits (9.0-11.1 mg/dl) the following morning (average 9.4 mg/dl, range 8.9-10.3 mg/dl for 9 animals).
Hypokalemia was common during initial pilot studies when 0.9% NaCl was used for fluid support; however, this was corrected when plasmalyte was used (Figure 1 ). Serum CPK, LDH, and AST levels were moderate to markedly increased the morning following apheresis and normalized within 3 days after the procedure (Figure 2 ). Other changes on chemistry panel included mild increase in iron (normal range 48-209 lg/dl), with a mean of 110 lg/dl at the end of the procedure and increased to a mean of 269 lg/dl 3 days later.
For most of the procedures, the entire reserved allogeneic (nondonor 3rd party) blood (150 ml) was used to prime the machine, but for the last 6 procedures, 40-60 ml was reserved and transfused into the animal at the end of the procedure. There was no difference in hematocrit or platelet counts at the end of the procedure when the blood product was used only to prime the instrument or was divided and used both to prime the instrument and transfused into the animal at the end of the procedure (data not shown). This may be due to the small total volume of the transfusion or to the fact that at the end of the procedure, the rinse back procedure returns residual cells in the tubing system to the animal. Figure 3 shows the kinetics of white blood cell (WBC) counts after administration of G-CSF. The absolute neutrophil counts (ANC), absolute lymphocyte counts (ALC), and absolute monocyte counts (AMC) increased 9-, 2-, and 4-fold, respectively. The counts further increased with addition of Mozobil to 17-, 3.2-, and 8.6-fold total increase in ANC, ALC, and AMC over pretreatment, respectively.
| Mobilization
Peripharal platelet counts decreased after Mozobil administration (range 112-488 ths/ll) and further decreased during the apheresis procedure (range 55-249 ths/ll, Figure 3) . Total WBCs and the ANC component were higher at the end of the procedure. The ALCs decreased as expected since this population was collected during the procedure within the mononuclear cell fraction. All peripheral major hematologic subsets returned to near normal levels by Day 3 after apheresis. One animal each received 10 lg/kg and 100 lg/kg G-CSF, respectively for mobilization. As expected, lower doses of G-CSF mobilized fewer cells than higher doses, with ANC mobilization the highest after 100 lg/kg G-CSF (data not shown).
Six animals underwent repeat apheresis procedures with timing between the procedures ranging from 24 h to 5 months. All 6 animals tolerated multiple procedures well, but apheresis procedures on the rhesus macaque on two sequential days , and monocytes (AMC, filled diamonds) before treatment, after 3-4 days of G-CSF (50 lg/ml), after mobilization (3-6 h), at the end of the procedure (4-6 h), the day after the procedure (Day 1, n 5 8 animals) and the 3rd day after the procedure (Day 3, n 5 7 animals). Data represents averages (6 SEM) at each time point from 11 animals (13 procedures) that were treated with 50 lg/kg G-CSF F IG UR E 1 Change in blood potassium levels during apheresis. A single rhesus macaque was supplemented with 0.9% NaCl with 2 mg/ml Ca11 (open circles), 0.9% NaCl with 4 mg/ml Ca11 (closed circles), or plasmalyte with 4 mg/ml Ca11 (triangles, dashed line) for three separate apheresis procedures resulted in a significant decrease in peripheral platelet counts (to 69 ths/ll) and mild decrease in hematocrit (32%) at the end of the procedure on the second day (Figure 4 ).
| Mobilization of CD34+ hematopoietic stem cells
Flow cytometry to measure CD34 cells in peripheral blood, were performed before, during and after the mobilization and apheresis. As shown in Figure 5 , mobilization of CD34 cells was higher after administration of 50 lg/ml G-CSF than with 10 lg/ml G-CSF. Mobilization using 100 lg/ml in the one animal tested was actually decreased compared to animals in which 50 lg/ml was used. Administration of Mozobil further enhanced the mobilization of CD34 cells into the peripheral blood.
| Graft composition
Apheresis procedures were only performed on animals that received both G-CSF and Mozobil, a protocol that has been shown to mobilize CD341 cells into the periphery that are capable of engraftment in the rhesus macaque 9, 10 and other large animal models. 11 The final apheresis product contained a variable number of cells with an average of 23 3 109 (6 11 3 109) total nucleated cells with 47% granulocytes, 3. 
| DISCUSSION
Collection of peripheral blood stem cells via apheresis in rhesus macaques provides the opportunity to utilize this large animal model in translationally relevant hematopoietic cell transplant experiments. We have established a rhesus macaque combined hematopoietic and solid organ transplantation model to investigate novel strategies for induction of tolerance to kidney allografts. In this model hematopoietic stem cells are mobilized with G-CSF and Mozobil and then collected via apheresis using the Spectra Optia machine. We used the Spectra Optia Apheresis System, a newer generation of the COBE Spectra system, because this machine requires a lower extracorporeal volume compared to previous models, 12, 13 and thus was of interest to test for use in the small size rhesus macaques. Although in this study we only tested the intermittent chamber collection, a recent clinical study has shown that the continuous collection of MNCs using a redesigned disposable kit and software program for the Spectra Optia does not compromise collection efficiency. 14 The increase in CPK, LDH, AST, and iron were likely secondary to G-CSF administration and has been reported in humans 15 ; however, muscle trauma associated with catheter placement and hemolysis from the procedure could have also contributed to the rise in LDH. All values were significantly improved at 3 days following the procedure. Because of the , and monocytes (AMC, filled diamonds) before treatment, after 4 days of G-CSF only (50 lg/ml), 6 h after mobilization with Mozobil, at the end of the first procedure, 6 h after administration of 2nd dose of Mozobil, and at the end of the second procedure potential for azotemia and significant muscle enzyme elevations following the apheresis procedure, we administered crystalloid fluids (plasmalyte 20 ml/kg SQ) the morning after apheresis procedures.
Our stem cell mobilization efficiency using G-CSF and Mozobil was in line with previous reports. 9, 16 In two animals that were mobilized with 10 lg/kg of G-CSF and Mozobil the CD34 yield was comparatively low. However, when the G-CSF dose was increased to 50 lg/kg it resulted in an improved CD34 cell yield. These doses of both G-CSF and Mozobil (1 mg/kg) are higher than typically administered to human subjects, but are typical of what has been used in nonhuman primate studies in the last two decades. 9, [17] [18] [19] [20] There was an animal that was mobilized twice but had poor mobilization on both occasions, consistent with individual variability, a phenomenon that is also seen in normal healthy human volunteer donors. 21 Like humans we also observed the common side effect of thrombocytopenia in the nonhuman primate model. In humans Mozobil is recommended to be given 10-11 h prior to the apheresis 22 but most studies using the rhesus macaque model report initiation of apheresis earlier after drug administration. 9 Early in the study, apheresis procedures were initiated 6 h after administration of Mozobil, but in order to determine the best time after administration of Mozobil to initiate the apheresis process, we sampled blood at 1-2 h intervals after administration in 2 animals. We found that in the animals serially monitored, the highest number of CD34 cells were found in the peripheral blood at about 3-4 h post-Mozobil administration (data not shown). Based on these observations, all subsequent procedures were started 3 h after Mozobil administration.
In this study we demonstrate the feasibility and safety of apheresis procedures in the rhesus macaque model in animals as small as 4.9 kg using Spectra Optia machine. The mobilization and collection procedures defined above demonstrated that consistent and acceptable yields of CD34 cells can be obtained. Side effects from the procedures were transient and resolved with minimal intervention and may happen in humans, but may be underestimated.
